Crustal thickness is a critical parameter for understanding the processes of continental rifting and breakup and the evolution of petroleum systems within passive margins. However, direct measurements of crustal thickness are sparse and expensive, highlighting the need for methodologies using gravity anomaly data, jointly with other geophysical data, to estimate crustal thickness. We evaluated alternative gravity inversion methodologies to map crustal thickness variations at rifted continental margins and adjacent oceanic basins, and we tested our methodology in the South China Sea (SCS). Different strategies were investigated to estimate and remove the gravity effect of density variations of sediments and the temperature and pressure variations of the lithospheric mantle from the observed free air gravity anomaly data. Sediment density was calculated using a relationship between sediment thickness, porosity, and density. We found that this method is essential for crustal thickness inversion in the presence of a thick sedimentary cover by comparing the Moho depths obtained from gravity inversion and seismic interpretation in the Yinggehai Basin where sediments are up to 13 km thick; the inversion accuracy depended on the parameters of the exponential equation between porosity and the buried depth. We modeled the lithospheric mantle temperature field based on oceanic crustal age, continental crustal stretching factors, and other boundary conditions. We tested three different methods to calculate the thermal expansion coefficient, which is either held constant or is a linear/polynomial function of temperature, for applying a thermal correction and found that the inversion results were relatively insensitive to alternative methods. We compared inversion results with two recent deep seismic profiles that image the rifted continental edge at the northern margin of the SCS and the continental Liyue Bank (Reed Bank) at the southern margin, and we found that the inversion accuracy was improved considerably by removing sediment, thermal, and pressure gravity effects.
INTRODUCTION
Crustal thickness varies significantly across continental margins, and mapping these variations is important for understanding continental rifting processes (Reston and Morgan, 2004; Huismans and Beaumont, 2011; Sutra and Manatschal, 2012) , the hydrocarbon habitats within these regions (Unternehr et al., 2010) , as well as subduction systems (Kind et al., 2002) . The Moho delineates the boundary between crust and mantle (Lewis, 1983) , and this interface can be imaged accurately through expensive deep seismic profiling, but economic considerations make gravity modeling a more practical approach for mapping crustal thickness over regional scales. To isolate the gravity anomaly caused only by the geometry of the Moho interface, all other contributions to the free air gravity anomaly must be removed. The accuracy of Moho depth inversion depends on how accurately the removal of these other gravity anomaly sources can be achieved. More and more deep seismic profiles are being collected over continental margins, even though the quality of seismic interpretation is affected by the data acquisition and processing, the accuracy of the seismic interpretation should be better than the gravity inversion on the whole. Therefore, gravity inversion results can be compared with deep seismic interpretations, allowing the gravity inversion accuracy to be evaluated quantitatively.
The density of sediments is dependent on the grain density as well as the porosity. Porosity is affected by the overlying sediment thickness and is the main property that affects bulk sediment density (Sawyer, 1985) . Thus, sediment density is not constant with depth.
Present-day lithospheric mantle density decreases with depth when the thermal expansion effect is stronger than the compression effect driven by overburden stress at relatively shallow depths; the density increases with depth when the pressure effect is dominant (Kimbell et al., 2004) . The density change caused by thermal expansion can produce a large thermal gravity anomaly, which may reach −320 mGal in new oceanic lithospheric mantle and remains large at rifted continental margins (Chappell and Kusznir, 2008) . The density change due to compression driven by overburden stress is also not negligible (Afonso et al., 2008) .
For these reasons, assuming uniform sediment density and uniform lithospheric mantle density is likely to be insufficient for gravity inversion in many cases. Instead, all gravity effects due to density variations within the sediments and due to temperature and pressure variations within the lithospheric mantle should be taken into consideration to get accurate crust thickness by gravity inversion. In this study, we present a workflow that incorporates all these elements and quantitatively assess the limitations of the different assumptions inherent within our approach.
We evaluate the methodology by application to the South China Sea (SCS). There are many basins in the SCS, their sedimentary fill is thick due to substantial crustal extension and thermal subsidence (Wheeler and White, 2000; Yan et al., 2001; Clift et al., 2002) , and the SCS is a magma-poor young marginal sea (Yan et al., 2006) . Also, there are many interpreted deep seismic profiles in SCS area, which can be used for validating the gravity inversion accuracy. (In addition to our manuscript, we provide a full set of MATLAB scripts and functions that will allow readers to reproduce our results or apply the methodology to other areas.)
METHODOLOGY
In the marine realm, the free air gravity anomaly (g faa ) is the sum of several components:
where g mra is the mantle residual anomaly, g b is the anomaly due to lateral changes of bathymetry, g s is the gravity effect of the sediment layer, g t is the gravity anomaly that originates from density variations because of thermal expansion, g p is the gravity anomaly from density changes by pressure compression, and g o is the gravity field caused by the other sources, for example, igneous intrusions. The mantle residual anomaly due to the geometry of the Moho interface is
In this paper, the geologic model is composed of four main parts: water layer, sediment layer, crust, and conduction-dominated lithospheric mantle. The gravity effect of each layer is estimated by Fourier domain forward modeling methods (Parker, 1973; Blakely, 1995) . The seawater density is set to a uniform value of 1.03 g∕cm 3 for removing the seawater gravity effect. The density distribution within the other layers is determined as part of the workflow, as discussed in the following sections.
Sediment density
Estimating the gravity effect of the sediment depends on knowledge of how the thickness of the sediment varies laterally and the density distribution within the sediment layer. One relationship between sediment porosity (Φ z ) and overlying sediment thickness (z) (Sclater and Christie, 1980; Sawyer, 1985) is
where Φ 0 is the initial sediment porosity at the seabed, c is an empirically determined constant with units 1/depth. If sedimentary pore space is filled by seawater, with z km overlying sediment, the density (ρ z ) will be (Sawyer, 1985) ρ
where ρ w is the seawater density and ρ sg is the grain density. ρ sg is set at 2.65 g∕cm 3 generally, for example, by Sawyer (1985) and López-Coto et al. (2013) .
Lithospheric mantle density: Thermal effect
The temperature field of the oceanic lithospheric mantle is generally estimated from the variation of depth and heat flow with crustal age. It uses a simple analytic model for a cooling plate that assumes the thermal expansion coefficient (TEC), the thermal conductivity, and the initial temperature are constant (McKenzie et al., 2005) . Several methods have been proposed for oceanic lithospheric mantle temperature calculation, for example, by McKenzie (1978) , Parsons and Richter (1980) , Bouhifd et al. (1996) , McKenzie et al. (2005) , and Afonso et al. (2008) .
The pure shear model (McKenzie, 1978) can be used for stretched continental lithospheric mantle and also for old oceanic lithospheric mantle (Chappell and Kusznir, 2008) . We use it for calculating the temperature field of the lithospheric mantle as follows:
where T 1 is the bottom temperature, z is the vertical distance from the target point to the model basement, a is the depth to the base of the model, γ is the lithospheric stretching factor, and t is the crustal age. Appropriate values for T 1 , a, and τ are 1060 K, 125 km, and 62.8 Myr, respectively (McKenzie, 1978; McKenzie et al., 2005) . The oceanic crustal age can be interpreted from marine magnetic lineations, and it is usually much younger than the continental crustal age. To get a smooth temperature field between the oceanic and continental lithospheric mantle, we assume a transition zone surrounding the oceanic crust. The first iteration without thermal and pressure correction yields an initial guess of the crustal thickness, and then the crustal age is linearly interpolated within the transition zone, which is contained by the crustal thickness predicted by the previous iteration. The crustal age of this zone transits from the oceanic crustal age to the continental crustal age gradually from its ocean side to landward; thus, the thermal and pressure correction can be added. In the pure shear model, the lithospheric stretching factor equals the continental crustal stretching factor (McKenzie, 1978) . The continental crustal stretching factor (γ) equals tc 0 ∕ tc now , tc 0 is the initial crustal thickness before stretching, and tc now is the present-day crustal thickness. For the oceanic area, γ ¼ ∞, and for the unstretched continental area, γ ¼ 1.
When the temperature is T, the lithospheric mantle density affected by thermal expansion is
where ρ 0 is the mantle density with normal temperature T 0 and normal pressure P 0 and it is set at 3.3 g∕cm 3 in this paper, P 0 is the standard atmospheric pressure, T 0 is 273 K, and αðTÞ is the TEC when the temperature is T. The unit for temperature is K, and for α, it is K −1 . Some authors take α as a constant (3.28 × 10 −5 K −1 ) for any depth/temperature (Parsons and Sclater, 1977; Chappell and Kusznir, 2008) . Bouhifd et al. (1996) come to the conclusion that the TEC of forsterite increases smoothly from 2.8 to 4.5 K −1 when the temperature rises from 400 to 2160 K (α ¼ 2.83 × 10 −5 þ 7.58 × 10 −9 T), according to a powder X-ray diffraction experiment with synchrotron radiation. Kroll et al. (2012) simulate the TEC with several equations, and the α − T curve is not linear when the temperature is lower than 600 K. We fit the α − T curve for forsterite from Kroll et al. (2012) with the polynomial function of temperature
Lithospheric mantle density: Pressure effect
The compressibility coefficient β is a measure of the relative volume change as a response to pressure compression, and it has a reciprocal relationship with the bulk modulus K. Its value is affected by temperature:
where ð ∂V ∂P Þ T is the volume difference according to pressure change when the temperature is T. Based on petrophysics experiments, Bouhifd et al. (1996) argue that α T K T ≈ 3.98 MPaK −1 at high temperature. Kroll et al. (2012) simulate the bulk modulus as a function of temperature for forsterite:
where the unit of K T is GPa, and for T, it is K. The density difference Δρ P caused by pressure change ðPðzÞ − P 0 Þ at temperature T is
where ρ 0 and P 0 have been described by equation 6, the PðzÞ is the pressure on the target point where the temperature is T. The unit for temperature is K, for pressure, it is MPa, and for β, it is MPa −1 . In this paper, we assume that the composition of the lithospheric mantle does not vary with depth. At relatively shallow depths, the temperature of the oceanic lithospheric mantle with a relatively young crustal age increases with depth much more quickly than at older ages, if only affected by thermal expansion. The temperature reaches 1600 K at 125 km for each curve ( Figure 1a) ; the oceanic lithospheric mantle density decreases to 3.16 g∕cm 3 at 125 km depth with different density-depth curves for different crustal ages (Figure 1b) . After accounting for the pressure effect, the density decreases for shallower levels and then increases as the depth within the lithosphere increases, reaching 3.24 g∕cm 3 at 125 km depth ( Figure 1b ). There is a considerable density difference between the assumption of mantle lithospheric density being only affected by thermal expansion and by thermal expansion and pressure-driven compression.
Gravity inversion
There are several inversion methods for calculating the topography of the Moho interface from the mantle residual gravity anomaly. We use the Fourier domain method of Oldenburg (1974) because it is relatively fast in terms of computation time. The main inversion workflow is shown in Figure 2 . At the beginning, an appropriate value range of different possible values is set for each parameter in three kinds of correction models (sediment density variation, thermal expansion, and pressure effect), and also for the reference Moho depth d 0 and crustal density ρ c . For the first iteration, after the seawater and sediment gravity effect has been removed, we set the density of the entire lithospheric mantle as Figure 1 . (a) Temperature-depth curves of the oceanic lithospheric mantle with different crustal ages based on the pure shear model (equation 5); each item in the legend with prefix 'T' followed by a number stands for the temperature curve with specific crustal ages. (b) Oceanic lithospheric mantle density-depth curves with different crustal ages; each item in the legend with prefix 'T' takes thermal expansion into consideration, and prefix 'P' takes the pressure-driven compression into consideration. In the legends, the number for each item stands for oceanic crustal age.
g∕cm
3 without removing thermal and pressure effects. The initial continental crustal thickness is derived from seismic profiles and/or receiver functions. We calculate the stretching factor for thinned continental crust. In the next stage, we calculate the Moho interface again including thermal and pressure correction, and then we modify the transition area and stretching factor with the new result based on these corrections. We then repeat the workflow and take its result as the final crustal thickness.
The calculated Moho interface depends on initial assumptions of crustal density (which controls the density contrast across the Moho) and the reference depth. The most appropriate values for these parameters are unknown at the start of the process. Results are calculated for a range of combinations of parameters within reasonable bounds. We compare each of these inversion results with deep seismic profiles; the one with the smallest rms (between the Moho depths from interpreted seismic profiles and the Moho depths from gravity inversion at the same sampling stations) is the best combination for the target area.
CASE STUDY AT SOUTH CHINA SEA Geologic background
The northern margin of the proto-SCS was formed in the Middle Jurassic as a convergent Andean-type continental margin, including the North Palawan Block and the Liyue Bank (Reed Bank) (Hilde et al., 1977; Taylor and Hayes, 1983; Lüdmann and Wong, 1999) . The India-Asia collision resulted in a strike-slip fault, the Red River Fault, which contributed to the opening of the SCS (Briais et al., 1993; Lee and Lawver, 1994; Clift et al., 2008) . South China continental block rifting started from Palaeocene and seafloor spreading initiated ∼32 Ma and lasted up to ∼16 million years Hayes, 1980, 1983; Briais et al., 1993) . The onset of seafloor spreading within the SCS was diachronous, with opening initially starting in the eastern region and progressively propagating westward (Hayes and Nissen, 2005) . The initial spreading center was located at the northern margin of the Reed Bank (Li and Song, 2012; Zhu et al., 2012) ; there was also a southward ridge jump at ∼25 Ma (Hall, 1997; Ding et al., 2011) (Figure 3 ).
At present, the SCS is bounded to the north by the passive South China continental margin (Nissen and Hayes, 1995) , to the east by the Manila trench where oceanic crust of the SCS is being subducted eastward beneath the Luzon Arc (Zhu et al., 2012) , to the south by the microcontinental blocks of Liyue Bank (Reed Bank) and Dangerous Grounds, which were stretched at the beginning and compressed later Hayes, 1980, 1983; Nissen and Hayes, 1995; Franke et al., 2011) , and to the west by the IndoChina shelf (Kido et al., 2001; Shi et al., 2003) (Figure 3) .
The western part of the northern margin was much more extended than the eastern part. Hayes and Nissen (2005) suggest that the most likely causes of the differences in rift history are east-west variations in the rheology of the prerift crust and associated west-east variations in the geothermal structure of the prerift lithosphere. From west to east, there are several basins: Qiongdongnan Basin, Pearl River Mouth Basin, and Taixinan Basin (Figure 3) . Each basin has a thick sedimentary layer with thicknesses varying from 6 to 10 km. The sediment thickness in the Yinggehai Basin reaches 13 km (Divins, 2004) .
Crustal thickness inversion
Our gravity inversion is based on global offshore free air gravity anomaly data (Sandwell and Smith, 2009 ) (v20.1), and it follows the workflow shown in Figure 2 . We calculate gravity corrections as discussed above using the GEBCO global bathymetry compilation grid (http://www.bodc.ac.uk/projects/international/gebco/gebco_ digital_atlas), the NGDC global sediment thickness map for the oceans. This sediment thickness grid was compiled from three principle sources: the previously published isopach map, ocean drilling results, and seismic reflection profiles (Divins, 2004) . The grid describes the depth to the acoustic basement, so it represents a minimum estimate of the sediment thickness (Divins, 2004) . Figure 4 shows the comparison of the depth of the sediment basement from seismic interpretation and the NGDC grid along the profiles where the sediment basement was interpreted (Table 1) , and their total rms is 1.34 km. The thermal correction was calculated using the oceanic crustal age grid (Müller et al., 2008; Seton et al., 2012) ; we digitized published deep seismic profiles (Table 1) and Moho depths from Figure 2 . Moho depth inversion flow; the main part is assigned with thick arrows, d 0 is the reference Moho depth, and ρ c is the crustal density. This flow should be executed with all possible combinations of parameter values. The gravity field is much more sensitive to the shallow objects than the deep objects, and the reference Moho depth reflects the average depth of the Moho interface. The crustal density will affect the density contrast between the crust and the lithospheric mantle; thus, the reference Moho depth and the crustal density are the important input parameters for gravity inversion. receiver functions (Figure 3) to provide constraints on the gravity inversion results.
We use seismic profiles located at the north and south margins of the SCS (Table 1 and Figure 3 ). Although we consider the Moho depths indicated by refraction studies to be better constrained than estimates from gravity data, these estimates still contain uncertainties that must be considered. On the intersection point between SP-4 and SP-6 near the north-west subbasin (Figure 3) , the Moho depth from SP-6 is 19.4 km, and from SP-4, it is 22.9 km; thus, the difference is 3.5 km; the Moho depth difference between SP-6 and SP-5 on their intersection point is 2 km. Hence, there is a substantial interpretation misfit between these seismic profiles.
Our 3D sediment thickness model has a 50 m vertical resolution and a 5 × 5 km horizontal resolution. The sediment density for each grid of the model is calculated according to equations 3 and 4.
The gravity effect of thermal expansion and pressure changes driven by overburden stress within the lithospheric mantle is obtained by a 3D grid model with 5 km resolution in all directions. The initial unstretched crustal thickness is set to 31 km according to the crustal thickness beneath several stations of receiver function on offshore South China continental block (GYA, 38 km; CNS, 30 km; NNC, 28 km; GUL, 30 km; WZH, 28 km; QZH 30 km; GZH, 28 km; and QIZ, 33 km, from Tkalčić et al., 2011) . Within the continents, the crustal age is set as 300 Myr, and the boundary of the transition zone is spanned by crustal thicknesses between 9.3 and 21.7 km, the crustal thickness values used here derived by the gravity inversion in the traditional way (the crustal density is 2.8 g∕cm 3 , and the mantle density is 3.3 g∕cm 3 ), and the crustal thickness values can be revised after adding the thermal expansion and pressuredriven compression correction. Figure 5 shows the final inversion result of the crustal thickness of SCS.
DISCUSSIONS
In the following sections, we discuss how the gravity inversion result is influenced by different parameters of each correction model. This illustrates the relative importance of the different choices made in the initial parameters on the final, best-fitting Moho depth.
Gravity effect of sediment layer
To investigate the importance of the depth-density function for sedimentary layers and the sensitivity of the inversion result to the parameters of this function, we generated results assuming such a function with different values of (Φ 0 ; c) ( Table 2 ) and assuming a uniform sediment density of 2.3 g∕cm 3 . The root mean square (rms) between the Moho depths at the sampling stations (with 5 km interval) from seismic interpretation and gravity inversion is used for evaluating the sediment correction accuracy. The values of Φ 0 and c can be obtained through fitting the measurement data by equation 3. There are three ocean drilling program (ODP) sites in (Table 1) . the SCS region, and their values of Φ 0 ; c are (0.63, 5.1), (0.49, 2.7), and (0.70, 7.1) separately (Clift et al., 2002) . Table 2 shows the density calculation result and gravity inversion accuracy by different values of Φ 0 ; c of equations 3 and 4 for sediment correction along the profile SP12, which is located in the Yinggehai Basin, and the thickest sediment layer along this profile reaches 13 km. When using these three different groups of values, the sediment densities at the bottom of the sediment layer are similar but the sediment densities at the top of the sediment layer are much different, and this difference results in different inversion accuracy. Therefore, the inversion accuracy depends on the parameters of the exponential equation between porosity and the buried depth.
The smallest rms is 0.41 km when the gravity inversion is based on the parameters from ODP site 3 (Φ 0 ¼ 0.70; c ¼ 7.1), and it is 2.1 km when the gravity inversion is based on constant sediment density (2.3 g∕cm 3 ), much larger than the former one ( Figure 6 ). These results suggest that using a depth-density function to estimate the gravity effect of sedimentary layers yields significantly more reliable estimates of Moho depth from gravity inversion.
Gravity effect of thermal expansion and pressure compression Figure 7 illustrates the variations in the temperature and pressure field and their effects on the density distribution within the lithospheric mantle and gravity field, extracted as vertical cross sections from the 3D volume along profile AA′ (Figure 3) . Along profile AA′ (Figure 7) , the density decrease by thermal expansion reaches 141.5 kg∕m 3 , and the biggest relative thermal gravity anomaly is 192.93 mGal; the density increase by pressure compression reaches 110.6 kg∕m 3 , and the biggest relative pressure gravity anomaly is 30.0 mGal. The pressure field, which is relatively smooth, induces a relatively flat density change, resulting in small-amplitude changes in the gravity field. Thus, the biggest relative pressure gravity anomaly (30.0 mGal) is much smaller than the biggest relative thermal gravity anomaly (192.93 mGal) . Comparing to the gravity anomaly by thermal expansion, the gravity anomaly by pressuredriven compression is relatively small; the pressure field and the density change by pressure-driven compression is much smoother than the temperature field and the density change by thermal expansion. The gravity anomaly field by thermal expansion is relatively smooth along the continent and continental margins and gets its high value on the oceanic basin. Therefore, we can expect gravity effects of this scale and amplitude to have a significant influence on estimates of the Moho undulations especially on the oceanic areas.
Comparison with seismic profiles
We vary the crust density from 2.6 to 3.0 g∕cm 3 and the reference Moho depth from 18 to 38 km for the gravity inversion. The seismic interpretation results are fixed, and the Moho depth is calculated with each combination of (ρ c ; d 0 ). Then we compare the difference between seismic interpretation and the inversion result; the inversion result is affected by the crustal density and the reference Moho depth (Figure 8 ). To get the best combination of (ρ c ; d 0 ), we create the rms plot between the seismic interpretation and the inversion result (Figure 9 ).
Three different methods are used to calculate TEC for thermal correction, and the inversion results with these corrections are compared with the interpreted seismic refraction Moho ( Figure 9 ). As noted earlier, the considerable discrepancy exists between crossing seismic profiles -Both of these profiles are used in the Table 2 . Density calculation result and gravity inversion accuracy by different values of Φ 0 ;c of equations 3 and 4 for sediment correction along profile SP12 (ρ st , sediment density at the top of the sediment layer; ρ sb , sediment density at the bottom of the sediment layer; rms, the root mean square between the Moho interface along this profile obtained by seismic interpretation and the gravity inversion with specific values of Φ 0 ;c from each ODP site). Figure 6 . Profile along SP-12 in the Yinggehai Basin (Figure 3) , which illustrates the density for each layer and the different layer interfaces. The seawater along this profile is shallower than 60 m, and it is not rendered. Colors present the density for each layer, and the left color bar shows the density value. comparison, limiting the possibility for a single gravity inversion surface to fit all the seismic constraints and so limiting the minimum possible rms. Finally, there are very similar rms contour maps for the gravity inversion based on three different kinds of TEC calculating methods and adding pressure correction in addition to thermal correction ( Figure 9 ). The seismic lines used in this study are concentrated on the continental margins, which makes it difficult to assess different results for the deep ocean basin (rms plots are similar with and without adding a pressure correction in addition to a thermal correction for the basin flanks). For assessing the inversion accuracy in the oceanic basin, in Figure 10 we compare gravity inversion results with interpreted seismic data along the two recent OBS seismic profiles; parts of these profiles are located in the oceanic basin (Figure 3) . With an assumption of uniform density for the mantle, the Moho depth from gravity inversion is underestimated at the landward edge of the profile and overestimated within oceanic areas (Figure 10 ). Adding thermal correction can make the inversion result fit the seismic interpretation result much better on the continent but also the oceanic area. Adding a pressure correction in addition to a thermal correction produces relatively small differences to the best-fitting crustal thickness estimate across the continental margins (Figures 9 and 10 ) and a relatively noticeable difference within oceanic regions ( Figure 10 ).
CONCLUSION
We review the methods for removing gravity anomalies related to sediment thickness, thermal expansion, and pressure compression from the free air gravity anomaly. We then explore the influence of these factors on gravity-derived estimates of Moho depth and discuss the sensitivity of the results to different parameters. We apply this methodology to map the crustal thickness in the SCS and compare a range of results with seismic refraction observations. The sediment gravity effect can be removed more accurately with depth-density functions for sedimentary layers than with constant sediment density, and the accuracy depends on the parameters of the exponential equation between porosity and the buried depth.
The inversion accuracy is similar with assuming TEC as constant (3.28 × 10 −5 K −1 ), a linear function (α ¼ 2.83 × 10 −5 þ 7.58 × 10 −9 T), or a polynomial function of temperature. The constant model is the preferable one for thermal correction due to its simplicity and accuracy.
Variations in temperature, and to a lesser extent variations in pressure due to overburden stress, influence the density distribution within the lithospheric mantle and cause long-wavelength gravity anomalies. Adding thermal correction produces a much more reliable result on the continental margin and also on the oceanic area; adding pressure correction in addition to the thermal correction cannot improve the inversion accuracy significantly because the pressure field is relatively smooth. 
